This project develops a quantitative method to evaluate the seismic risk for portable GSE at Vandenberg Air Force Base. Using the latest probability data available from the USGS, risk thresholds are defined for portable GSE having the potential to cause a catastrophic event. Additionally, an example tool for design engineers was developed from the seismic codes showing the tipping hazard case can be simplified into strict geometrical terms. The misinterpretation and confusion regarding the Range Safety 24 Hour Rule exemption can be avoided by assessing seismic risk for portable GSE. By using the methods herein to quantify and understand seismic risk, more informed risk decisions can be made by engineering and management. The seismic codes and requirements used and referenced throughout include but are not limited to IBC, ASCE 7, EWR 127-1, and AFSPCMAN 91-710.
Introduction
Based on the author's experience working various launch vehicle and satellite programs at Vandenberg Air Force Base (VAFB), it is evident much confusion exists regarding seismic requirements and their application to portable Ground Support Equipment (GSE). This confusion is partly attributed to the seismic codes, which focus on buildings and permanently installed equipment. Another contributor is the lack of a quantitative method for seismic risk. Risk is defined as the product of hazard severity and probability of occurrence. In an attempt to reduce the probability of occurrence, the Range Safety Regulations 1, 2 allow for an exemption of portable GSE from the seismic requirements if it is used less than 24 hours in a launch cycle or year. The rationale for this exemption lies in the understanding that by reducing the exposure of personnel and property to portable GSE for less than 24 hours per year, the probability of occurrence will be limited thereby reducing the overall risk. In practice this exemption is commonly referred to as the "24 Hour Rule."
The seismic codes can, at times, be expensive or even cost prohibitive to implement because of resource issues, such as funding or facility constraints. The 24 hour rule was developed for cases limited to 24 hours exposure, and provides full exemption from the seismic requirements. However, this duration is arbitrary and lacking a quantitative approach to risk assessment. It is the goal of this paper to define tools to quantify seismic risk using the latest probability values from the US Risk is the product of hazard severity and the probability of occurrence. The portable GSE used at Vandenberg often handles large and expensive flight hardware.
During its use, should a large enough earthquake occur, the potential for catastrophic consequences exists. A catastrophic hazard severity is one that causes death, equipment loss greater than $500,000, or unit down time greater than 4 months. 1, 2 Hazard causes are discussed further in Section 2.2.
The probability of occurrence is also required to assess risk. While there is no way of predicting an earthquake, the USGS has developed hazard probability curves which provide probability data based on exceeding a specified ground motion. This is discussed in more detail in Section 3.2. 
Seismic Requirements

Seismic Hazard Causes
During a seismic event, portable GSE is subject to tip-over, sliding, and material collapse. In many cases these motions have the potential to directly or indirectly propagate a catastrophic event involving personnel or flight hardware. Remember that hazard severity is only one part of defining risk. 
Seismic Design
The seismic codes reduce complexity of the dynamic nature of an earthquake by applying loads statically. This is called the static equivalent force method. 3 Use of this method along with factors of safety allow the engineer to perform a simplified analysis of the loads during a seismic event.
During the design process, portable GSE should be assessed for its ability to resist lateral load for material collapse and tip-over. IBC 2006 and ASCE 7-05 define the seismic requirements for both portable GSE and restrain design. 3, 4 The incorporation of seismic code requirements into the design will reduce the risk of a catastrophic consequence during an event.
To select the appropriate equations in ASCE 7, the fundamental period, seismic event type, soil composition, and building classifications must be known. An example of the earthquake load calculation along with assumptions is shown in Appendix A.
Once the earthquake load is defined, the appropriate load combinations must be used. Both IBC and ASCE 7 define the load combinations. For most portable GSE, the earthquake load will be applied in a lateral direction through the center of gravity as shown in Fig. 1 . This figure shows a piece of portable GSE that is about to tip.
Fig. 1. Generic Free Body Diagram for Tipping Portable GSE. V -Earthquake Load W -Weight h -Center of gravity height b -Shortest distance to tip-over axis R -Restoring Force
By using Fig. 1 , it can be shown that:
Where M D is the restoring moment and M E is the earthquake moment. Using the load combinations as discussed in Appendix A and applying a 1.5 factor of safety, the equation that must be satisfied becomes:
From the example earthquake load calculation in Appendix A, the result V = 0.375W, is substituted in Equation 2.4
Notice the result in Equation 2.6 is a simple relationship between the geometry of the height equipment center of gravity and the distance to the shortest tip-over axis.
Intuitively, having a relationship like this makes sense. Since the relationship was developed using the seismic codes, when inequality is true, no restraints are required for tip-over. Conversely, when inequality is false, a seismic restraint system design or an acceptance of the understood risk is required for the equipment. By having this simple relationship, design engineers have the ability to quickly evaluate portable GSE to seismic codes. However, caution should be used when using this tool. All of the assumptions that went into the calculation must be true for the result to be valid. 
After solving for b/h and substituting x*W for V, the result is: 
Fig. 2. Relationship between Portable Equipment Geometry and Ground Motion.
In cases where the portable GSE cannot be designed to meet the strength and tipover from the earthquake load, the design engineer would be required to design seismic restraints. These restraints must be designed to adequately resist the lateral load, in accordance with IBC and ASCE 7, and must have appropriate connection points to the GSE and facility being used.
Seismic Requirement Exemption
Both EWR 127-1 and AFSPCMAN 91-710 list a seismic requirement exemption which eliminates design and restraint requirements based on 24 hours. The "24 Hour
Rule" in AFSPCMAN 91-710 paragraph 17.2.5.4 states: GSE temporarily positioned in support of operations, used in accordance with the 30 SW "24 hour" rule (in other words, equipment that is used for less than 24 hours per launch cycle), is exempted from seismic design and restraint requirements. 1 The "24 Hour Rule" in EWR 127-1, paragraph 3.17.2.d states:
Items of equipment that present seismic hazards for a cumulative total of 24 hours or less during any 365 consecutive day cycle are exempt from the above requirements. 2 The "24 Hour Rule" exemption has been in place for many years and the origin is not exactly known. The author has searched extensively for engineering rationale regarding this exemption and conducted multiple interviews with Vandenberg Range Safety experts. These efforts have provided that the rule was adopted based on a white paper from a contractor risk assessment, which could not be located. A risk assessment will be performed in Section 3 to provide quantitative results based on established risk criteria already present in Range Safety Regulations.
Based on the author's experience working various launch vehicle and satellite programs at Vandenberg, this exemption is often interpreted to provide the greatest schedule benefit to the program while ignoring the risk assessment on which it was originally based. For example, one might interpret the rule that by moving portable equipment from place to place as long as the equipment is not stationary for more than 24 hours, the clock resets once it is moved and the equipment is exempt for another 24 hours. This abuse of the exemption increases the risk for injury to personnel and damage to flight hardware without adequately assessing the risk. On a case-by-case basis, those items that may be ruled exempt by Range Safety based on the results of a risk analysis. 1 Section 3 discusses risk, acceptable risk on Vandenberg, and probability data from the USGS can be used to define risk for portable GSE.
Seismic Risk
Risk is made up of two parts, probability and severity. Hazards which produce catastrophic consequences may be considered acceptable risk if the probability of occurrence is low enough. For the purposes of this paper and to allow for the most conservative approach, it is assumed throughout the following sections that any seismic event which exceeds the capability of portable GSE will result in a catastrophic hazard. The focus will be on calculating the probability that a seismic event will occur to quantify the risk.
Acceptable Seismic Risk
Acceptable risk is defined for Range Users in of AFSPCMAN 91-710 Volume 1 even a very small probability for a catastrophic failure cannot be accepted. For these cases, it is up to the specific program to determine acceptable risk levels. It is not the intention of this paper to address these special cases.
When portable equipment does not meet the lateral load requirements, acceptable risk can be obtained by one of two ways. The first is to design and implement a restraint system to withstand lateral loads. Anchorage design is defined within the seismic codes. 3, 4 The other method to obtain acceptable risk values is to limit the time the equipment is used. It is shown in Section 3.3 that the amount of time which results in acceptable risk is based on the portable GSE lateral load capability and the probability of a seismic event. As defined previously in Section 2.3, the lateral load capability is defined by equipment geometry. The next section, Section 3.2, goes through the method of calculating the probability of a seismic event by using the most current probability data from the USGS.
Seismic Probability Curves
Probabilities of a seismic event exceeding user defined ground accelerations are available from the US Geological Survey (USGS). A free Java tool, NSHMP_HazardApp.jar, is available for download from the USGS website. 5 The Java Application includes the latest probabilistic hazard curves available, the 2002
Probabilistic Hazard Curves.
To obtain probability data, the user inputs the location of interest by latitude/longitude or zip code and the ground acceleration into the Java tool. The output is the probability of exceedance per year, the return period, and the probability of exceedance for an exposure time of 50 years. To provide an example, Fig. 3 .
USGS Java Tool Screenshot shows a screenshot of the Java tool with Vandenberg zip code 93437 and 0.375g ground motion.
Fig. 3. USGS Java Tool Screenshot of 0.375g Ground Motion for Zip Code 93437
A set of frequency of exceedance probability values was obtained for Vandenberg ground accelerations from 0.05g to 0.375g in increments of 0.025g. The probability values were divided by 365 to obtain the probability of exceedance per day. A graphical representation of the data is shown in Fig. 4 . The tabular data is available in Appendix C. Breaking down the probabilities per day allows the development of risk curves in Section 3.3. 
Probability of Exceeding Accelerations in Zip Code 93437 based on 2002 Probablistic Hazard Curves from USGS
Fig. 4. Probability of Exceeding Ground Motions per Day at Vandenberg
One of the cautions listed in the Java tool output is for Frequency of Exceedance values less than 1E-04. For ground motions of 0.45g, the Frequency of Exceedance for a year is 5.4E-04, which is greater than 1E-04.
Seismic Risk Thresholds Defined
The data contained in Fig. 4 8.0E-05 Probability Threshold 8.0E-04 Probability Threshold
Fig. 5. Risk Threshold Curves for Catastrophic Hazards A -Acceptable Risk B -Risk Acceptable with an Approved Requirement Waiver or Deviation C -Unacceptable Risk
The information contained in the risk threshold curves of Fig. 5 has the potential to profoundly change the way seismic risk for portable equipment is assessed. For example, assume there is portable GSE that does not meet the seismic codes for tipover or collapse. After a structural and tip-over evaluation, it is determined that this hypothetical portable GSE can withstand a minimum of 0.225g lateral load.
According to the threshold curves in Fig. 5 , it is acceptable risk to use this equipment in this configuration if the duration of the activity is less than 10 days. Should the duration of the activity be greater than 10 but less than 100 days, a requirement deviation or waiver must be obtained to accept the risk. For activities exceeding 100 days in duration, the risk is unacceptable and the equipment either needs to be A B A C redesigned, seismically restrained, or the exposure time needs to be reduced below 100 days. Fig. 5 shows that portable GSE, depending on design, can be used with acceptable risk for durations exceeding 24 hours. However, the key to using this starts with an understanding of the equipment capability. This seismic assessment must at minimum show GSE design capabilities for material collapse and tip-over and discuss the nominal duration of the process flow. It is worth noting again (see Section 2.3), if the equipment does not meet the seismic codes, it is due diligence to design a seismic restraint system. Consequently, if the planned timelines exceed the threshold limit, the opportunity to install restraints is available.
It should be noted again that Fig. 5 is based off of 2002 Hazard Curves from the USGS. When new data is available from USGS, these curves can be recalculated based on the latest available data.
Conclusion
Seismic design requirements for portable GSE used at Vandenberg AFB is complicated and misunderstood. At the center of this confusion is the 24 Hour Rule, which exempts the portable equipment from all of the seismic requirements if it is used for less than 24 hours. Originally this exemption was based on a risk assessment; however applying this exemption to all GSE is arbitrary. It has been
shown that seismic risk, the consequence of a seismic hazard and probability of its occurrence, can be quantitatively defined using the latest available probability curves from the USGS and the risk thresholds defined by the Range Safety Regulations.
Using the GSE design capability for both tip-over and collapse, acceptable risk duration can be calculated for equipment that has the potential to cause a catastrophic
hazard.
An interesting geometric result was obtained when defining the Free Body
Diagram for an almost tipping generic piece of portable equipment. When substituting the earthquake load calculated from ASCE 7, it was shown that the code was simplified to a relationship between the center of gravity height and the distance to the shortest base. This relationship has the potential to be a very useful tool to design engineers as a quick calculation can determine whether the portable GSE in question meets the seismic codes. It was noted that this relationship must be used cautiously; all of the assumptions that went into the earthquake load calculation must be true.
The risk assessment tools defined herein will help design engineering implement seismic requirements for portable GSE. These tools can also help managers understand seismic risk and make better risk based decisions. Finally, it is the hope that this quantitative process will clear up the confusion regarding the seismic requirements and help save companies time and money in the process.
Appendix A. Earthquake Load Calculation
The intent of this appendix is to provide a logical discussion for defining the earthquake load using the latest seismic codes. IBC 2006 Section 1613, "Earthquake Loads" states the following:
Every structure, and portion thereof, including nonstructural components that are permanently attached to structures and their supports and attachments, shall be designed and constructed to resist the effects of earthquake motions in accordance with ASCE 7… The seismic design category for a structure is permitted to be determined in accordance with Section 1613 or ASCE 7.
The latest version of ASCE 7 was made in 2005. Chapter 15 within ASCE 7-05 contains the seismic design requirements for nonbuilding structures. This chapter is the best fit for portable Ground Support Equipment at Vandenberg. ASCE 7-05 will be used throughout this appendix to provide an example earthquake load calculation.
Many conservative assumptions go into this example earthquake load calculation.
It is assumed that the portable GSE and the attached hardware make up a rigid system. Additionally it is assumed that short period seismic event occurs, yielding the highest earthquake load. The soil type is unknown and depends specifically on the site location; therefore Site Classification D is assumed per ASCE 7. Assuming Site Classification D is conservative most regions. Lastly Occupancy Category IV is assumed and provides the highest and most conservative importance factor.
Portable GSE in most cases is not similar to buildings and therefore must meet Section 15.3 and Once s S has been determined, the site coefficient a F can be selected using Table   11 .4-1. Assuming Site Class D, as instructed in Section 11.4.2 for soil properties that are not well known, the following Site Coefficient was obtained:
Now that both s S and a F are known, MS S and consequently DS S can be calculated.
The only remaining variable to be determined to calculate lateral load is the importance factor, I.
The importance factor selection criteria are listed in Section 15.4.1.1, one being through IV. Depending on the circumstances, it is conceivable that a facility at Vandenberg could be determined as an Occupancy Category III. Should this be the case, Table 15 .5-1 would define the importance factor of 1.25. However, for conservatism this example will assume Occupancy Category IV, thus defining importance factor that must be used is 1.5.
All values are now defined to calculate the lateral load V:
It has yet to be determined how this lateral load will be distributed. Section 15. 
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The probability of occurrence cannot be distinguished from zero.
Unlikely to occur, but possible ** Definitions of descriptive words may have to be modified based on quantity involved. *** The size of the fleet or inventory and system life cycle should be defined.
